The role of alignment-to-orientation conversion (AOC) in nuclear quadrupole resonance (NQR) is discussed. AOC is shown to be the mechanism responsible for the appearance of macroscopic orientation in a sample originally lacking any global polarization. Parallels are drawn between NQR and AOC in atomic physics.
Polarization is a generic term describing the anisotropy of the state of a quantum system (atom, nucleus, etc.). Various types of polarization are characterized by polarization moments associated with corresponding spherical tensor ranks, of which the lowest are population (rank zero), orientation (rank one), alignment (rank two), the octupole moment (rank three), and the hexadecapole moment (rank four). For a system with angular momentum F , there may exist polarization moments with rank ranging from zero to 2F . A polarization moment of rank κ has 2κ + 1 components labelled q = −κ, . . . , κ. Under rotations, components of the polarization moments of a given rank transform into each other, but different ranks remain uncoupled.
In atomic physics, the role of polarization in phenomena such as atomic collisions [1] and optical pumping [2] has been studied in great detail. In the context of the latter it is seen that when external fields that produce evolution other than rotation are applied to a polarized system, the polarization moments transform into moments of other ranks. The most prominent example of this is alignment-to-orientation conversion (AOC) discussed, for example, in Refs. [3, 4, 5, 6, 7, 8] and references therein. In a simple example of atomic AOC, optical pumping by linearly polarized light produces alignment in the initially unpolarized atomic ground state. Then, a static electric field, applied along a direction other than the atomic alignment axis, induces "quantum beats" that result in an oriented state. Here, we will describe how AOC is also the mechanism for nuclear quadrupole resonance (NQR) [9, 10, 11] , which finds applications, for example, in biochemistry [12] , and in explosives, land mine, and narcotics detection [13, 14, 15] .
In pulsed NQR experiments, a radio-frequency (rf) magnetic-field excitation pulse is applied to a crystalline solid, resulting in ac magnetization of the nuclei in the * Electronic address: budker@socrates.berkeley.edu † Electronic address: dfk@uclink4.berkeley.edu ‡ Electronic address: simonkeys@yahoo.com § Electronic address: jurban@OCF.Berkeley.EDU sample that is detected by a pick-up coil after the completion of the rf pulse. For this to occur, there must be nuclear polarization present in the sample prior to the rf pulse, since the pulse does not generate polarization but simply rotates the polarization direction. In addition, there must be a field (external or internal) present after the pulse that induces quantum beats that can be detected with the pick-up coil. In contrast to the related technique of nuclear magnetic resonance (NMR), which provides for these conditions with an external magnetic field, NQR takes advantage of electric field gradients (EFG) produced by the crystalline lattice of the sample itself that interact with the nuclear quadrupole moment. In both NMR and NQR, the function of the rf pulse is to rotate the polarization axis of symmetry away from the static field symmetry axis, so that quantum beats will occur.
Consider a nucleus with a nonzero quadrupole moment (i.e., possessing angular momentum I ≥ 1). While the average electric field "seen" by the nucleus is zero, there are nonzero electric field gradients that interact with the quadrupole moment according to the Hamiltonian (expressed in the Cartesian basis x 1 , x 2 , x 3 )
Here Q ij is the quadrupole moment tensor and E is the local electric field in the vicinity of the nucleus. As a simple example of NQR, we consider an I = 1 nucleus (such as the 14 N and 2 H nuclei important in many applications) and assume that the local field gradients at each nucleus have cylindrical symmetry. In this case, the quadrupole interaction Hamiltonian written in the I, M basis reduces to (see, for example, [9, 11, 16] ):
Note that the energy splitting caused by the quadrupole interaction is similar to the quadratic (second order) Stark splitting of F = 1 atomic energy levels relevant to atomic AOC (Fig. 1 ). The interaction (1) lifts the degeneracy between sublevels corresponding to different magnetic quantum num-
An energy splitting between levels with different absolute values of the magnetic quantum number M can arise due to the interaction of atomic system with a uniform electric field (the Stark effect) or due to the interaction of a quadrupole moment with electric field gradients. In both the F = 1 atomic system and the I = 1 nuclei with axially symmetric electric field gradients, the splitting between the M = 0 and M = ±1 levels can result in quantum beats that convert alignment to orientation.
bers |M | of the nucleus. Typical values of the sublevel frequency splittings are between 100 kHz and 10 MHz. In a sample at thermal equilibrium, the energy splitting gives rise to nuclear polarization because, according to the Boltzmann law, there is a higher probability of finding a nucleus in a lower energy state. At room temperature, a representative value of the relative population difference is ∼10 −7 . Although each nucleus is in an aligned state, with a preferred axis (although no preferred direction), in a disordered medium, such as a powder, there is no macroscopic polarization of the sample because the crystallites are randomly oriented with respect to each other. However, remarkably, NQR signals can still be observed in such media, as discussed below. Figure 2 illustrates the different ways in which initial alignment is achieved in the case of optical pumping and in NQR. Note that in the former case, initial alignment is determined by the polarization of the pumping light, and not by static fields or gradients.
The initial nuclear alignment of several crystallites with different orientations of the local field gradients is illustrated in the first column of Fig. 3 using angular momentum probability surfaces as discussed in Ref. [17] (see also Ref. [5] ). The distance to such a surface from the origin in a given direction is proportional to the probability of finding the projection M = I along this direction. For clarity, we assume complete polarization, i.e., that all the nuclei are in the lowest energy state; we can see that the aligned states have a preferred axis (the EFG axis of symmetry) but no preferred direction.
The excitation pulse consists of a resonant rf magneticfield pulse, given by B(t) = B 1 cos(ωt + φ), applied for a time τ . Here B 1 is the magnetic-field amplitude (at angle β to the EFG axis of symmetry), ω is the frequency (equal to the quadrupolar splitting frequency), and φ is the phase. Assuming that γB 1 ω, where γ is the gyromagnetic ratio, and decomposing this field into components along and perpendicular to the EFG axis of symme- FIG. 2: A difference in the population of magnetic sublevels with different absolute values of the magnetic quantum number M can be created via optical pumping of an atomic system by linearly polarized light, or, when the energy levels are split by an electric field gradient, as a result of thermal distribution, as in nuclear systems. The presence of such a population difference gives rise to a quadrupole moment (alignment) along the quantization axis. Optical excitation by linearly polarized light transfers atoms from a particular (aligned) ground state to the upper state, while spontaneous decay repopulates all the ground states equally, since spontaneous emission can occur with any polarization. More atoms are left in the aligned state, determined by the light polarization, that does not interact with light. In the figure, solid lines represent the excitation light, and the wavy lines represent spontaneous decay. In the case of quadrupole splitting and thermal population, the alignment axis is determined by the direction of the electric field gradients in the crystal.
try, we see that the longitudinal component causes fastoscillating level shifts that have no effect on atomic polarization, whereas the transverse component consists of two circular components, each of which is resonant with one transition from M = 0 to M = ±1. We can neglect the nonresonant component for each transition; the resonant components, of amplitude B 1 sin(β)/2, causes rotation of the nuclear polarization by an angle γB 1 τ sin(β)/2 around the direction of the transverse component of the magnetic field. Since in a typical NQR experiment the pulse length is much longer than the quantum-beat period T = 2π/ω, quantum beats begin to occur during the rf pulse. However, at the end of the pulse, the net result, shown in the second column of Fig. 3 , corresponds to simple rotation. (We plot only the effect of the rotation, and not of the fast quantum-beat oscillation, by assuming that the pulse length τ is an integer number of quantum-beat periods, but this assumption is not important for any of the mechanisms described here.) We have chosen the parameters of the excitation pulse such that the rotation is by π/4 for β = π/2 [25] .
After the excitation pulse is over, nuclear polarization undergoes evolution in the presence of the quadrupolar interaction. Because the excitation pulse has rotated the polarization of the nuclei, these nuclei are now in coherent superpositions of eigenstates of different energiesthe condition for quantum beats. These quantum beats correspond to a cycle of alignment-to-orientation conversion, as shown in the last four columns of Fig. 3 . In one period of the cycle, alignment is converted into orientation (angular momentum biased in one direction), RF pulse Quantum beats
Powder average [17] corresponding to the evolution of the nuclear polarization in several crystallites with different orientations of the (axially symmetric) local field gradients (given by the Euler angles α and β of the symmetry axes of the local electric field gradients with respect to the fixed lab frame). Surfaces corresponding to a given crystallite are shown in a row. The last row is an average over crystallites with all possible orientations. The columns correspond to different times. The first column represents the local nuclear polarizations prior to the excitation pulse, while the second column shows these polarizations at the end of the resonant RF excitation pulse (with magnetic field along B1). The excitation is simply a rotation of the polarization by a certain angle. For these plots, the parameters of the excitation pulse were chosen so the rotation is by π/4 for β = π/2; it is also assumed that the pulse length τ is an integer multiple of the quantum-beat period T , so that the phase of the quantum beats is zero (full alignment) at time τ . The last three columns show the probability surfaces at times T /4, T /2, and 3T /4 after the end of the pulse. As is shown in the bottom row, macroscopic oscillating orientation appears along the direction of B1. These plots are produced by performing an averaged-Hamiltonian calculation in the quadrupolar interaction frame (assuming γB1 ω) as described in, for example, Ref. [16] to find the density matrix as a function of time, and then plotting the polarization as described in Ref. [17] . The powder average is found by integrating analytically over the Euler angles.
FIG. 3: Probability surfaces
then into alignment at an angle of π/2 with respect to the original alignment, followed by conversion to the opposite orientation, and back to the original state. This illustrates that the evolution of the nuclear system in the presence of an axially symmetric EFG is the same as the evolution of an aligned atomic system in the presence of an electric field not directed along the axis of alignment (see, for example, Ref. [17] ).
Since, as illustrated by Fig. 3 , the orientation produced in each crystallite is perpendicular to both the EFG axis and the axis of the alignment prepared by the excitation pulse, all crystallites contribute coherently to the orientation along B 1 , which leads to a net orientation of the entire sample (Fig. 3, bottom row) . Such AOC-induced orientation corresponds to a net sample ac magnetization that is the source of the NQR signal detected by Faraday induction in the pick-up coil. It must be mentioned that aspects of the AOC process for quadrupolar nuclei have been long understood in the field of nuclear magnetic resonance in the context of multiple-quantum coherences. The NMR situation differs from that of NQR in several respects. At the high magnetic field strengths common in NMR experiments, the interaction of the nuclear spin system with this field is dominant. Within the rotating frame approximation, the quadrupolar interaction for any crystallite appears to be cylindrically symmetric about the external magnetic field axis, and the applied resonant radio-frequency fields are transverse and appear to be static in the rotating frame. Additionally, the nuclear spin system is initially magnetized (oriented) along the dominant magnetic field direction. In the case of radio-frequency irradiation that is weak compared to the quadrupolar interaction, the conversion of orientation to alignment has been recognized as the means by which multiple-quantum coherence can be created from nuclear spin magnetization during a single pulse [18, 19] . In the case of strong, short radio-frequency pulses, during which quadrupolar evolution is negligible, the multipolar (polarization moment) formalism has been used to show how multiple-quantum coherence can be created after a two-pulse sequence via orientation-toalignment conversion due to quadrupolar evolution between the pulses [20, 21] . Furthermore, methods have been introduced to visualize the polarization moments of the nuclear spin system in terms of graphical representations of the corresponding spherical harmonics [22] .
Finally, we mention that various techniques for converting nuclear alignment into orientation have been developed for the studies of nuclear moments of short-lived nuclides [23, 24] .
In conclusion, we have shown that alignment-toorientation conversion plays a prominent role in the phenomenon of nuclear quadrupole resonance, converting local nuclear alignment into global orientation, causing the appearance of a macroscopic oscillating magnetic moment. This has been illustrated using the method of angular momentum probability surfaces, and the relationship of this mechanism to that of AOC in atomic physics has been discussed. In future work, it will be interesting to extend the present analysis to NQR in nuclei with I > 1 in which polarization moments higher than alignment are possible and more complicated transformations of these moments occur during quantum beats, rather than just alignment-to-orientation conversion [17] .
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